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An Oil-Based Model of Inhalation Anesthetic
Uptake and Elimination

Patrick J. Loughlin, M.S.,* Watson A. Bowes, M.S.,T Dwayne R. Westenskow, Ph.D.}

An oil-based model was developed as a physical simulation of
inhalation anesthetic uptake and elimination. It provides an alter-
native to animal models in testing the performance of anesthesia
equipment, A 7.5-1 water-filled manometer simulates pulmonary
mechanics. Nitrogen and carbon dioxide flowing into the manometer
simulate oxygen consumption and carbon dioxide production. Oil-
filled chambers (180 ml and 900 ml) simulate the uptake and washout
of halothane by the vessel-rich and muscle tissue groups. A 17.2-1
air-filled chamber simulates uptake by the lung group. Gas circulates
through the chambers (3.7, 13.8, and 25 1/min) to simulate the trans-
port of anesthetic to the tissues by the circulatory system. Results
show that during induction and washout, the rate of rise in end-
tidal halothane fraction simulated by the model parallels that mea-
sured in patients. The model’s end-tidal fraction changes correctly
with changes in cardiac output and alveolar ventilation. The model
has been used to test anesthetic controllers and to evaluate gas sen-
sors, and should be useful in teaching principles underlying volatile
anesthetic uptake. (Key words: Anesthetics, volatile: pharmacoki-
netics. Pharmacokinetics, models: oil-based.)

PHYSICAL MODELS of gas exchange (\.’o2 and Vcoz) and
pulmonary mechanics are used extensively to test venti-
lators and ICU monitors.'~ Equivalent physical models
of anesthetic uptake, that allow one to test anesthetic
equipment, are not available. To date, volatile anesthetic
uptake has been modeled using electrical analogues and
computers.®'* Although these models help conceptualize
the dynamics of anesthetic uptake, they cannot be used
with actual breathing circuits, and they cannot be used
to test anesthetic delivery devices and gas monitors. We
describe an oil-based model of anesthetic uptake and
elimination which fills this need. The model is validated
by comparing the rate of rise for the model’s end-tidal
halothane concentration with the rate of rise measured
in earlier patient studies and computer simulation.
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Methods

The model is shown in figure 1. Pulmonary mechanics,
functional residual capacity (FRC), and anatomlcal dead
space are modeled by a water-filled manometer.” The
FRC is the air space above the water as labeled in figure
1. The anatomic deadspace is the volume of the tube con-
necting the FRC to the endotracheal tube. When a tidal
volume is added to the FRC, the water rises in the opposite
side of the manometer, creating end-inspiratory pressure.
A model with the dimensions described in the legend to
figure 1 hasa compliance (AV/AP) of 0.1 1/cm HyO. A
resistance placed on the inlet to the FRC will simulate
airway resistance (i.e., 10 cm HoO - 17" - s7"). The pressure-
volume curve of the model closely matches that seen in
patients whose liings are mechanically ventilated.® Gas
exchange (VCQ2 and Voz) can be modeled by bubbling
CO5 and N. into the FRC. V02 is calculated from the Ny
flow rate (VNz) by the relationship:

Vo, = Vn, FiOg/(1-F0g).

Three physical compartments model volatile anesthetic
uptake by body tissues.®® These compartments represent,
and will be referred to as, the lung and blood group (LG),
the vessel-rich group (VRG), and the muscle group (MG).
The VRG and MG are modeled by olive oil-filled cham-
bers in parallel with the lung compartment. Tissue/oil
partition coefficients (A, /i), table 1, are used to calculate
equivalent oil volumes (V) for the VRG and MG such
that, at equilibrium, the amount of anesthetic in the sat-
urated oil equals the amount in the saturated tissue:

Voit = Ve Ayoit (1)

(V. = volume of tissue). The LG is a gas filled mixing
chamber. Its equivalent volume (V) is calculated using
the tissue/gas partition coefficients (\,/5) for lung tissue
and blood:

Vgas = Vt ¢ )\l./g' (2)

The model does not include a fat group or a vessel-
poor group. These two groups do not significantly con-
tribute to uptake during the first hour of anesthetic in-
duction,’ and to model halothane uptake by these groups
would require approximately 12 I of oil.

278

20z Iudy 60 uo 3sanb Aq ypd-91.000-00080686 |-Z¥S0000/955€9/8.2/2/ | L/ypd-01o1n1e/AB0|0ISUISBUE/WOD JIEUYDIDA|IS ZESE//:d}}Y WOI) papeojumoq



Anesthesiology
V 71, No 2, Aug 1989

To simulate the rapid gas exchange which takes place
between alveolar gas, pulmonary blood, and lung tissue,
gas is pumped from the FRC through the gas mixing
chamber (LG) at 25 1/min, the maximum rate provided
by a small blower (Mini-Spiral,® EG&G Rotron, New
York). At this flow rate, the “time constant” for the 17.2
I LG is approximately 40 s.

To simulate the blood flow which perfuses the VRG
and MG, gas is pumped from the FRC, through the two
oil chambers using two Mini-Spiral blowers. The flow of
gas through the oil chambers (Vg) was adjusted to simulate
the blood flow to each group (Q):

V = 1-6°Qb'>\b/g (3)

where Ay, is the blood/gas partition coefficient. Tissue
group blood flows (Q.) were determined according to
Eger'® (table 1). The constant 1.6 accounts for an apparent
oil/gas mixing inefficiency. In the oil model, the diffusion
of anesthetic vapor from the circulating gas to the oil is
not as efficient as is the diffusion from capillary blood to
tissue in the human body. The factor 1.6 was found by
adjusting the cardiac output (CO) in the Zwart model'?
until the computer simulated end-tidal concentrations
matched the oil-model concentrations. The oil model was
calibrated against the Zwart model because of the limited
quantlty of patient data documenting the effects of CO
and V4 on end-tidal anesthetic fraction. These effects can
be simulated by the Zwart model.'®

A factor is also needed so that the oil model’s rate of
rise in Fgrhal changed with V, during induction, as pre-
dicted by the Zwart model. The oil model’s end-tidal an-
esthetic concentration changes correctly with changes in
VA when the following relationship is used:

Va = 0.5 Vaoil + 2.1 )

MODEL OF ANESTHETIC UPTAKE

FIG. 1. A physical model of anesthetic uptake, gas exchange, and
pulmonary mechanics. The lung for a 70 kg adult is modeled using a
14 cm X 14 cm X 38 cm water manometer. A 2 | FRC is shown on
the left side. A series dead space (100 ml) is shown at the top, intubated
with a cuffed endotracheal tube. The lung tissue group (LG) is modeled
for halothane with a 17.2 1 air-filled mixing chamber and a gas flow
of 25 1/min. The muscle group (MG) and vessel rich group (VRG) are
modeled using olive oil, with volumes of 900 mi and 180 ml for halo-
thane, and flows of 3.7 |/min and 13.8 1/min, respectively (calculated
using table 1 and equations 1 and 3). CO, and N, bubbling into the
FRC simulate VCO, and VO,.

where V,o0il is the ventilation rate of the oil model and
V4 is the simulated patients’ alveolar ventilation (I/min).
The Zwart computer simulation was again used to find
this relationship.

TEST METHODS

The end-tidal halothane fraction (Fgr hal) for the oil
model was measured during induction and washout by
connecting the model to an anesthesia circuit (Drager-
werk, Lubeck, West Germany) and ventilator (Ventime-

TABLE 1. Constants used to Simulate Halothane Uptake

HAL ENF 150
Qs
Tissue Group Ve () (1/min) A Aeseit M Asail Ave Aot
LG FRC 2.0 1.0 1.0 1.0
Blood 5.4 5.0 2.3 1.9 1.5
Lung Tissue 0.6 4.6 3.8 3.0
VRG Brain 1.5 6.15 .027 3.03 031 3.65 .039
Heart 0.3 3.75 6.72 030 3.05 .031 5.58 .059
Kidney 0.3 4.02 018 2.23 023 1.98 .021
Liver 3.9 7.24 .032 3.80 .039 3.50 .037
MG Muscle 30.1 1.0 6.72 .030 3.05 031 5.58 .059

Volumes, blood flows, and partition coefficients as used in the oil
model to simulate halothane upmke for a 70 kg adult. Tissue volumes
(V) are taken from Mapleson.? The blood flow (Q) to each tissue
group assumes a cardiac output of 5 1/min.'® Tissue/gas (\,) and
olive oil/ gas (Aaityg) partition coefficients are taken from Lowe. 23 Tissue/
oil partition coefficients (/o) are calculated by dividing the tissue/

gas partition coefficients by the olive oil /gas partition coefficients. Tis-
sue/oil partition coefficients are not given for the LG because this
group is modeled using air. Heart muscle is assumed to have the same
partition coefficient as skeletal muscle. Brain/gas partition coefficients
are for whole brain (ENF, ISO) or for an average of white and grey
matter (HAL).
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FI1G. 2. The alveolar halothane fraction divided by the inspired halo-
thane fraction (Fo/F) during induction for the oil model (solid line),
for the two computer simulations GUS and Zwart'® (short-dashed lines)
and for the patient studies of Eger,'® Cahalan,'s and Wahrenbrock!’
(long-dashed lines). The curve for the oil model is the mean of three
measurements with CO = 5 1/min and V, = 4.2 1/min.

ter, Narco Medical, PA). Halothane was delivered in
100% oxygen (5 1/min) through a Drager vaporizer. The
inspired halothane concentration (Fihal) was held constant
at 1.0 vol% during induction. The Fihal and Fgrhal were
measured using an IRINA infrared agent analyzer (Dra-
gerwerk) which was placed between the circuit y-piece
and the endotracheal tube. The signal from the IRINA
was filtered (low-pass corner frequency = 0.7 Hz) and
sampled (2 samples/s) by a MINC-11/23 computer (Dig-
ital Equipment Corporation, MA). Fihal and Fgrhal were
determined every 10 s by selecting the maximum and
minimum values from a 10 s data buffer.

Before connecting the oil model to the breathing cir-
cuit, the vaporizer was set at 1.0 vol% halothane and gas
within the circuit was allowed to equilibrate for 20 min.
The breathing circuit was then connected to the oil model,
and Fihal and Fgrhal were recorded for 32 min. After
32 min, the vaporizer was turned off and F;hal and Fgrhal
were recorded during 32 min of washout. This sequence
was- repeated three times with a cardiac output (CO) of 5
1/min and alveolar ventilation (V,) of 4.2 1/min. Three
simulations were also made with CO = 2.5 I/min and
three with CO = 7.5 1/min. Fgrhal was also measured
during three simulations with CO = 5 I/min and V,
= 2.1.1/min, and three with CO = 5 1/minand V, = 8.4
1/min. Fgrenf (enflurane) was measured using an Frenf
of 1.0 vol% and Fgriso (isoflurane) was measured using
an Fjiso of 1.0 vol% isoflurane with CO = 5 1/min and
Va = 4.2 1/min.

The data obtained from the oil model were filtered
(digital low-pass, 4th-order, zero-phase Butterworth filter,
corner frequency = 0.01 Hz), and plotted along with

§ Gas Uptake Simulation (GUS). Imed Ed Inc., 2701 E. Camelback
Road, Suitg 205, Phoenix, Arizona 85016.
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published patient data'®*-'” and computer simulation re-

sults from the Zwart!? and GUS models.§ The end-tidal
concentrations were assumed to equal alveolar concen-
trations and the measurements expressed as an alveolar
to inspired fraction Fp/F;.

The Zwart computer model™” simulates blood flow and
halothane transport to nine tissue compartments. Venous
blood is collected in the vena cava and goes to the lung
and/or through a lung shunt to the arterial compartment.
This model was modified so that CO remained constant
during uptake and washout (as it did for the oil model).
The GUS computer model simulates anesthetic uptake
and distribution using a numerical model with 27 gas,
blood, and tissue compartments. Transport of anesthetic
agents among the compartments occurs via convection of
gasand blood during discrete iterations of the simulation.

110

Results

Figure 2 compares the halothane alveolar to inspired
ratio (Fa/F,) for the oil model with patient data and com-
puter simulation. The oil model Fo/F; most closely
matches the Zwart computer simulation (as expected), and
falls between the patient curves. The standard deviation
between three repeated oil model simulations of F,/F,
averaged 2.7% of reading.

Changes in F /F; which accompany changes in cardiac
output are shown in figure 3. The upper curve is for CO
= 2.5 1/min, the lower curve for CO = 7.5 |/min.

Figure 4 shows the changes in F, /F; which accompany
changes in VA The upper curve is for V4 = 8.4 1/min,
the lower for V, = 2.1 |/min.

Figure 5 shows the oil model simulation of halothane,
enflurane, and isoflurane F,/F;. The relative rates of rise
of F5/F; are comparable with those seen in patients and
in computer simulations. '

Discussion

Models help us understand physiology and are useful
in teaching and training. Using our physical oil model,
training can be conducted in a mock clinical setting where
anesthetic uptake and elimination can be simulated and
the effects of ventilation and cardiac output demonstrated,
using actual anesthesia machines, patient breathing cir-
cuits, and gas monitoring devices. The model is also valu-
able as a research tool, in testing and evaluating new de-
vices. Vaporizers, ventilators, and anesthetic agent ana-
lyzers can be tested and evaluated under simulated clinical
situations. The noise generated by the model adds realism
to these evaluations.

A water manometer was first described by J. Brunner®
for the simulation of pulmonary mechanics, intrapulmo-
nary gas mixing, and VCOs,. Realistic values for compli-
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F1G. 3. The effect of cardiac output on halothane F,/F;. The solid
lines show the results from the oil model simulation, the dashed lines
show computer simulation. ' Vi = 4.2 1/min and CO = 2.5, 5.0 and
7.5 1/min. Each oil model curve is the average of three measurements.
For simplicity, the results during washout (32-64 min) are expressed
as F,/F; where F; = 1.0, even though F; = 0 during washout.

ance, resistance, lung volume, and dead space are achieved
by selecting appropriate dimensions for the two water-
filled chambers and for the gas inlet tube (trachea). Spon-
taneous ventilation may be simulated by connecting a me-
chanical ventilator to the right chamber in figure 1 and
by using inverse I:E ratios. CO; bubbling through the
water simulates CO, production; the expired CO; wave-
form is very realistic. Nitrogen dilution is a standard tech-
nique for simulating oxygen consumption; it is a standard
used in assessing the accuracy of oxygen consumption
monitors.’~*!#!% Unfortunately, this method cannot be
used to simulate V02 during closed circuit anesthesia;
nitrogen dilution causes the expired tidal volume to be
larger than the inspired tidal volume. An alcohol, pro-
pane, or hydrogen flame burning in the FRC chamber
provides a more realistic simulation of VO, and
VC02.18'20

We added anesthetic uptake to the water manometer
model by adding oil chambers. The oil model’s simulation
of the rate of rise of end-tidal halothane concentration
during induction closely matches the Zwart and GUS
computer simulations and falls within the range of patient
data. The match with the Zwart model is expected, as the
oil model was calibrated against the Zwart model. We
could have calibrated our model to match one of the pa-
tient curves shown in figure 2. However, the published
patient data'®"'” do not report the CO and V, under
which the patient data were obtained; therefore, we chose
to calibrate the oil model to the Zwart model. The result
was an F,/F| for the oil model, which is lower than that
reported in the Cahalan'® patient study and higher than
that reported in the Eger'® and Wahrenbrock'” patient
studies.

MODEL OF ANESTHETIC UPTAKE
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FIG. 4. The effect of alveolar ventilation on halothane F,/F;. Results
from the oil model simulation shown with solid lines, dashed lines show
the computer simulation.! CO = 5.0 1/min and Vu = 2.1, 4.2, and
8.4 1/min. Each oil model curve is the average of three measurements.

The oil model simulation of Fgrhal is affected by Va
and CO, but to a lesser extent than expected.®?! Mixing
and diffusion are obviously not as efficient in the oil model
as they are in the natural lung. The alveolar/blood and
blood/tissue surface areas are much larger in the body
than are the oil /gas surface areas in the oil model. Factors
1.6 in equation 3 and 0.5 in equation 4 were found to
compensate for these inefficiencies. More work is needed
to verify that these factors are linear and apply over larger
ranges of CO and V , for each anesthetic agent. A mixing
fan in the FRC,? and smaller bubbles in the oil chambers,
might change the value of the constants or make them
unnecessary.

V4 and CO had little effect on the rate of halothane
washout for either the oil model or the computer simu-
lation (figs. 3,4). The small effect may be due to the rel-
atively short duration of anesthetic exposure and the small

0.8 7
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...... m---- Enflurane
0.2 1 «-~p-~-- Halothane
0.0 ¢ v T T T v T
0 10 20 30
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FIG. 5. FA/F; for isoflurane, enflurane, and halothane as simulated
by the oil model. CO = 5 1/min and V, = 4.2 1/min. Each curve is
the average of three measurements.
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venous-to-alveolar partial pressure gradient (especially for
short duration anesthesia).®*!?2 During washout, Fgrhal
for the oil model was somewhat higher than Fgrhal pre-
dicted by the Zwart computer simulation. The release of
halothane from the breathing circuit components may
have caused this difference (the computer simulations did
not model the breathing circuit and its effects on washout).

Our oil model does not correctly simulate the second
gas effect. The oil volumes and gas flows given by equa-
tions 1-3 are agent-specific: they depend on the A/, and
Av/g of each agent. Further, our model does not simulate
uptake by the fat tissue or the vessel-poor tissue groups;
therefore, it does not properly simulate anesthetic uptake
after the first 1-2 h of induction. Our model also neglects
the effects of metabolsim of anesthetic agent; metabolism
accounts for a significant fraction of the halothane elim-
ination.'? Finally, changes in CO were proportionally dis-
tributed to each tissue group in our model. This is an
oversimplification of the nonlinear cardiovascular dy-
namics and nonuniform distribution of CO which occurs
in patients. Although changes in V, and CO in the oil
model produce changes in F, /F; which are consistent with
the Zwart model, they may not match reality. Pharmo-
cokinetic models rely on our limited knowledge of human
physiology. Similarly, a model as simple as ours cannot
possibly simulate the complex interactions between the
brain anesthetic partial pressure, CO and V5.

We make extensive use of the model in our research
laboratory to test and evaluate new gas monitoring equip-
ment. Control systems being developed to regulate the
end-tidal concentration of anesthetic are tested with the
model using actual anesthetic delivery devices and
breathing systems. The model has bridged the gap be-
tween computer simulations and clinical reality, and in
doing so has, in our laboratory, reduced the number of
animal and clinical experiments needed to evaluate new
equipment.

The authors wish to thank Robert G. Loeb, M.D., and Josef X.
Brunner, Ph.D., for their suggestions and contributions. They also
wish to thank Lue-Ellen Merchant for her assistance in the preparation
of this article.
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